Fe-doped TiO 2 thin films are deposited both on the (100) oriented Si and glass substrates by pulsed laser deposition technique using Fe powder doped TiO 2 ceramic target. The structural and optical properties of the film have been studied in detail. The degree of film crystallinity is investigated by X-ray diffraction and confirmed by Raman scattering measurements. The stoichiometry and chemical states of Fe, Ti and O are probed by X-ray photoelectron spectroscopy. The surface morphologies are observed by Scanning electron microscopy. The optical properties are studied by measuring the transmittance and the optical constants, the refractive index and the extinction coefficient. It is found that the substrate temperature is a key factor in determining the thin film structure which further influences the refractive index and the optical band gap of the film. An anatase structure emerges above 300 ºC while the rutile structure appears when the substrate temperature is higher than 500 ºC. Another result is that Fe  Corresponding author. email: ljm@isep.ipp.pt. yangtao@ua.pt exists in the deposited films as Fe 3+ and the atomic concentration of Fe in the films is much lower than that in the source target.
Introduction
Recently, the transition metal-doped TiO 2 films have been studied extensively due to their promising applications in the fields of photocatalysis and dilute magnetic semiconductors (DMS) [1, 2] . Because of its relatively high catalytic activity, robust chemical stability, low cost and non-toxicity, TiO 2 itself has been used as a photocatalyst in water and air remediations. TiO 2 is also used in the dilute magnetic semiconductor (DMS) area. DMS are essential materials for the development of "spintronic" devices, which simultaneously utilize the charge and spin of the carriers.
However, in both scenarios, TiO 2 has to be modified or doped to function well because it is active only under near-ultraviolet irradiation due to its wide band gap energy. The principal objective of doping with transition metal is to narrow the optical band gap of TiO 2 and make it active under visible-light irradiation. By doping with transition metal ions into cation sites in the host semiconductor lattice (such as TiO 2 and ZnO), ferromagnetic properties are introduced into nonmagnetic semiconductors [3, 4] . Doping may modify the structural and optical properties of the host materials. Therefore, it is necessary to make a detailed study on these properties after doping for the possible applications in the mentioned areas.
Pulsed laser deposition technique has become a widely used physical technique for depositing films because it has many advantages, such as a wide choice of materials, high instantaneous deposition rate, and a relatively high reproducibility. In addition, this technique has several unique features: a fine control on stoichiometry, the possibility to use thermally sensitive substrates and the capability to grow nanostructures and clusterassembled films by ablating material in presence of a background gas. Some works have been reported on Fe-doped TiO 2 films prepared by pulsed laser deposition.
However, most of the studies are focused on the magnetic properties of the synthesized films, less attention has been paid to the structural properties [5, 6] . In these works, only XRD results were mentioned for structural studies. Although the magnetic properties are very important for Fe doped TiO 2 films, more systematic fundamental research on the structural and optical properties should be conducted to get a deeper understanding of the magnetic coupling in these novel electronic materials. In this work, the structural and optical properties of the films deposited on (100) oriented Si substrates by pulsed laser deposition have been reported. Unlike the former studies, Fe-doped TiO 2 ceramic target source has been used and special attention is paid on the temperature of the substrate in determining the structure of the films which further influences the refractive index and the optical band gap of the films.
Experimental details

Characterization
X-ray diffraction (XRD) was performed using a Rigaku RINT2000 diffractometer. The X-ray photoelectron spectra (XPS) were measured by a VG ESCALAB250 electron analyzer using a monochromatic Al Kα source operating at 150 W (10 mA, 15 kV), micro-focused to a spot size of 500 µm. High-resolution spectra were collected with 50 eV pass energy and 0.1 eV step energy. The number of the scan is 10 for acquiring Fe spectra and is 3 for acquiring Ti and O spectra. The surface morphology of the deposited films was observed by scanning electron microscopy (SEM) (FEI, Inspect F50). The optical transmittance spectra of the films were recorded using UV/VIS/NIR spectrometer (Cary 5000, Varian, Inc.). Raman scattering measurements were performed using a semiconductor laser and a 532 nm laser line was used as the exciting light source. The laser line was focused on the sample surface in a strict 180º backscattering geometry.
Film fabrication
A pulsed KrF excimer laser (Lambda Physik LPx 305i, 248 nm, 25 ns, frequency 4 Hz) was used to ablate the Fe-doped TiO 2 ceramic target. The laser beam was focused to the target surface by lens at a 45 degree incident angle. The Fe-doped TiO 2 target with 15% atomic percent of Fe (15 at % Fe) and a purity of 99.95% was supplied by China Material Technology Co., Ltd. The Fe is doped in TiO 2 as Fe atoms. The target was made by vacuum hot pressing sintering process at 700 ºC. The particle size of TiO 2 powder is about 1 µm and the particle size of Fe powder is between 3 to 8 µm. The laser was operated with an energy of about 500 mJ/pulse and was focused on the target to a spot area of 1 x 8 mm 2 , thus producing a laser fluence of about 0.06 J/mm 2 . The target was fixed at a 40 mm distance apart from the substrate. The p-type (100) oriented silicon wafers and glass slides were used as the substrates and the substrate temperature was varied from room temperature (RT) to 700 ºC. The silicon and glass substrates were ultrasonically cleaned subsequently using ethanol and de-ionized water for 5 min, and then dried in flowing N 2 gas before being loaded into the deposition chamber. The chamber is equipped with a turbo molecular pump backed with a mechanical pump.
Before the deposition starts, the chamber was pumped down to less than 3 x 10 -3 Pa.
After that, the oxygen gas was introduced into the chamber and the pressure was kept at 5 Pa. The deposition time was kept at 60 min for all the depositions. The thickness of the film is about 400 nm which is obtained by fitting the transmittance.
Results and discussion
3.1 XRD Characterization of the film Table 1 .
When the substrate temperature is higher than 500 ºC, the rutile phase appears. The intensity of the (110) diffraction peak from rutile TiO 2 increases as the substrate temperature is increased further. It means that the component of the rutile phase increases with the substrate temperature although the anatase phase still dominates the structure. The peak intensity ratio of the (110) peak from the rutile TiO 2 and the (101) peak from the anatase TiO 2 is given in Table 1 . The peak intensity ration of I R (110)/I A (101) increases from 0.72 to 3.67 as the temperature is increased from 500 ºC to 700 ºC. The average particle sizes calculated from the Scherrer equation based on the diffraction peaks are also listed in ºC substrate temperature. The intensity of these rutile Raman peaks shows a very clear increase as the substrate temperature is increased to 700 ºC, which indicates an increase of the portion of rutile phase. These results are in good accordance with the XRD measurements.
Morphology evolution with the increase of temperature
The morphology of the Fe-doped TiO 2 films prepared at different substrate temperatures are shown in Figure 3 (the magnification factors are 160000X for these images). The film prepared at room temperature has a rough surface with many small cracks. The reason which causes these small cracks is still not very clear. It may result from the residual stress in the deposited film. The films prepared at 300 ºC, 500 ºC and 700 ºC show in the surface small round-shaped grains, column-shaped grains and irregular-shaped grains, respectively. It can be seen that the grain size in the sample surface is much bigger for the film prepared at 700 ºC than for that prepared at 300 ºC.
The high substrate temperature is favorable for the grain growth. Figure 4 shows the XPS spectra of Ti 2p, O 1s and Fe 2p core levels for the Fe-doped The Fe atoms may get oxidized when they travel from the target to the substrate as the chamber is filled with oxygen gas. In addition, these Fe atoms are easily get fully oxidized as the number of the Fe atom removed from target is very low and results in the formation of the Fe 2 O 3 . It can be seen from Fig. 4(a) Table 2 . It can be seen that the values are equal or over than 2 meaning that the films are fully oxidized. Figure 5 shows the transmittance of the Fe-doped TiO 2 films deposited at different substrate temperatures. For comparison, the transmittance of the glass substrate without film is also shown in the figure. Generally, the glass will get soften but still maintain its shape at 600 ºC to 800 ºC. As the glass substrate is fixed in a firm support, no obvious shape deformation can be observed for the glass substrate after heating at 700 ºC. The transmittance of the glass substrate before and after 700 ºC annealing have been measured and no difference has been found. Therefore, the transmittance of the film prepared at 700 ºC is convincible. The film prepared at room temperature shows a relative high transmittance. The XRD results show that the film prepared at room temperature has an amorphous structure. It means that no crystal grains are formed in the film, which eliminates the light scattering from the grain boundaries and results in a high transmittance. The similar result has also been obtained for TiO 2 film prepared by dc reactive magnetron sputtering [14] . The film prepared at room temperature has some cracks as shown in Fig. 3 . Although these cracks can result in a decrease of the transmittance by light scattering, it seems that the influence is not very significant as the transmittance is still high. The amplitude of the interference fringes increases significantly when the substrate temperature is increased from room temperature to 300 ºC, which qualitatively indicates an increase in the films' refractive index, since the oscillation amplitude is related to the difference in the refractive indices of the substrate and the film. The optical constants (thickness, refractive index and extinction coefficient) of the films prepared at different substrate temperatures were obtained by fitting the transmittance using SCOUT software. The fitting result for film prepared at 700 ºC has been given in Fig. 6 . The fitting model is composed by a harmonic oscillator which represents a high energy interband transition and the O'Leary-Johnson-Lim (OJL) interband transition which is responsible for the band gap transitions [15] . Although the OJL model has been initially proposed to model the band gap transitions of amorphous silicon, it has been widely used as it gives a good fit to the transmittance with few parameters. The optical thickness of the films is obtained by fitting the transmittance.
Detailed analysis on the binding energies of the Fe, Ti and O elements
Optical Properties of the Fe-doped TiO 2 films
All the films have a similar thickness, 400 nm. It means the substrate temperature does not affect the deposition rate. The refractive index and the extinction coefficient as a function of the wavelength for the films prepared at different substrate temperatures are shown in Fig. 7 . It can be seen that the refractive index has a great increase when the substrate temperature is increased from room temperature to 300 ºC. When the substrate temperature is increased from 300 ºC to 700 ºC, the refractive index shows a small increase. As it can be seen from the XRD patterns, the film prepared at room temperature has an amorphous structure and the films prepared at temperature higher than 300 ºC show the polycrystalline structures. The amorphous structure may have a lower packing density on an atomic level in the glassy state and a high density of defects if the amorphous state is considered a strongly disturbed lattice, which results in a low refractive index. Amorphous structures with low refractive index have analogously been observed for different metallic oxide films [16, 17] . The small increase of the refractive index when the temperature is increased from 300 ºC to 700 ºC may result from the formation of the rutile phase as the rutile phase has a higher refractive index than the anatase phase has. Tanemura has reported the refractive index for epitaxial rutile TiO 2 film which is 2.84 at λ = 500 nm [18] . The refractive index for our films is lower than the value reported by Tanemura. As it can be seen from the XRD results, the films prepared at temperature higher than 500 ºC have a mixture phase of anatase and rutile, that may result in a low refractive index. The refractive index at λ = 550 nm of the film prepared at 300 ºC is about 2.50 which is very close to the value of the anatase bulk material (n = 2.52 at λ = 550 nm) [19] . It means the film prepared at this temperature has a very high packing density.
The absorption coefficient α and the optical band gap E g are related by the following equation for a semiconductor [20] (αhν) n = hν -E g where ν is the frequency, h is Planck's constant, and n = ½ for indirect bandgap transition material [21] . The optical band gap can be estimated from a plot of (αhν)
1/2 versus photon energy (hν). The interception of the tangent to the plot will give a good approximation of the optical band gap energy for this indirect band gap material as shown in Fig. 8 . The variation of the optical band gap with the substrate temperature is also shown in the figure (inset in Fig. 8 ). The optical band gap decreases from 3.46 eV to 3.23 eV as the substrate temperature is increased from room temperature to 700 ºC.
The film prepared at room temperature has an amorphous structure and a high optical band gap with the value of 3.46 eV, which is similar to the value reported for the amorphous Ti oxide films prepared by sputtering [22] . The film prepared at substrate temperature of 300 ºC shows an anatase structure with an optical band gap of 3.34 eV, which is higher than the value of anatase phase in bulk material (3.20 eV) and lower than the value of the polycrystalline anatase film prepared by sputtering (3.39 eV) [18] .
Obviously, the doping of Fe in TiO 2 film does not narrow the optical band gap significantly. The possible reason is that the low Fe concentration in the film is not enough to modify the optical band gap of TiO 2 film. As the temperature is increased further, the rutile phase appears and the optical band gap decreases because the optical band gap of the rutile phase (3.03 eV) is smaller than that of the anatase phase [18] .
Fe-doped TiO 2 films have been prepared successfully by pulsed laser deposition at different temperatures using Fe powder doped TiO 2 ceramic target. Although the TiO 2 target has a pure rutile phase, the deposited films present an amorphous phase, a pure anatase phase and an anatase-rutile mixing phase when the substrate temperature is room temperature, 300 ºC and higher than 500 ºC. The atomic concentration of Fe atoms in the target is 15 at.%. However, the concentration of Fe in the deposited films is much lower than this value, which means the ablation yield of the Fe atom is much lower than TiO 2 . Fe exists in all the films as Fe 3+ ionic state although it exists in the target as Fe atom indicating a fully oxidation in the process of the deposition. The film deposited at room temperature shows a high transmittance, a low refractive index and a large optical band gap. When the substrate temperature increases, the refractive index increases and the optical band gap decreases. Tables and Figures Captions   Table 1 . X-ray diffraction peak parameters for the Fe-doped TiO2 films prepared at different substrate temperatures. 
